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ABSTRACT 

This p r o j e c t  i s  a t h e o r e t i c a l  and experimental  study of t he  i n t r o d u c t i o n  
of ions i n t o  the  s t rong  f i e l d s  of a quadrupole mass f i l t e r .  The performance 
of a conventional quadrupole has been compared t o  t h a t  of one w i t h  a lower 
r a t i o  of dc t o  a c  f i e l d s  i n  the  entrance r eg ion  f o r  a wider range of ion in-  
j e c t i o n  energies .  The superior  performance of t h e  delayed dc mode of opera- 
t i o n  i s  w e l l  documented., Computations have been made of t he  t r a j e c t o r i e s  as 
t h e  ions leave the  quadrupole f i e l d ,  These show t h a t  the terminat ion of t h e  
f i e l d  should be as abrupt  as possible ,  o r  a delayed a c  ramp used t o  prevent 
l a r g e  r a d i a l  a c c e l e r a t i o n s  of the ions ,  
sons of t he  performance of quadrupoles wi th  round and hyperbol ic  rod s t r u c -  
t u r e s  has  been assembled and put i n t o  operat ion,  

A system f o r  making c a r e f u l  eompari- 
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INTRODUCTION 

This  r e p o r t  covers the work done by the  B e l l  & Howell Research Center 
on NASA Contract NASW-1298 from 1 7  August through 1 7  NovembCr 1966, This 
i s  t h e  f i f t h  q u a r t e r  of the Contract,  

This  p r o j e c t  i s  concerned wi th  the in t roduc t ion  of ions i n t o  the  region 
of s t rong  f i e l d s  i n  the quadrupole m a s s  f i l t e r ,  qnd with the  comparison of 
t he  performances of quadrupole s t r u c t u r e s  w i t h  round and with hyperbol ic  
field-forming su r faces ,  

The i n v e s t i g a t i o n  of t he  inf luence of delayed dc ramp mode of ope ra t ion  
has  been extended t o  include widely varying ion i n j e c t i o n  energies ,  and is  
e s s e n t i a l l y  concluded with t h i s  r e p o r t ,  A prel iminary r e p o r t  of t hese  s t u d i e s  
w a s  made a t  the  October meeting of t he  American Vacuum Society i n  San 
Francisco 

A system f o r  t e s t i n g  the  operat ion of quadrupoles with round and hyper- 
b o l i c  rod shapes has been very c a r e f u l l y  designed, f a b r i c a t e d  and assembled, 
Ca re fu l  a t t e n t i o n  has  been given t o  keeping the  a b e r r a t i o n s  i n  the  contours  
of t he  field-forming s u r f a c e s  q u i t e  low, Extensive refinements have been 
made i n  t h e  e l e c t r o n i c  c i r c u i t r y  used t o  energize the apparatus ,  
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THEORETICAL 

Computer Studies  

Because of the l a r g e  r a d i a l  components of v e l o c i t y  which the  ions 
acquire  as they respond t o  the s t rong  e l e c t r i c  f i e l d s  w i t h i n  the  quadrupole, 
i t  i s  a n t i c i p a t e d  t h a t  they leave the  end of the quadrupole wi th  high 
v e l o c i t i e s ,  randomly d i r e c t e d ,  This  condi t ion makes it v i r t u a l l y  impos- 
s i b l e  t o  focus the  emerging beam wi th  e l e c t r o s t a t i c  lenses ,  using conven- 
i e n t  p o t e n t i a l s ,  

It i s  important t o  l e a r n  what, i f  any, r educ t ion  can be made i n  t h e  
magnitude 0f t he  random v e l o c i t i e s  of the emerging ions  by appropr i a t e ly  
terminat ing the  f i e l d s  a t  t he  e x i t  of t h e  quadrupole, 
t o r i e s  Rave been computed f o r  a v a r i e t y  of f i e l d  t e rmina t ions ,  Previous 
computations have shown t h a t ,  f o r  a set  of a-q va lues  which correspond t o  
a r e so lv ing  power of about 400, t h e  envelopes t o  t h e  x- and y - t r a j e c t o r i e s  
reaeh maximum amplitudes when U t  = 140, 

To t h i s  end, t r a j e c -  

In  t h e  s t u d i e s  of f i e l d  terminat ions the  f i e l d s  are assumed t o  be of 
f u l l  value f o r  0 Ut: * 140 r ad ians ,  The terminat ions begin when U t  = 140, 
140 4- ~ ~ 1 2 ~  and 140 4- I[. The va r ious  phase ang le s  a t  which the  terminat ions 
begin were chosen because it was suspected t h a t  the phase of t he  a c  poten- 
t i a l  has  a considerable  inf luence on t he  t r a j e c t o r i e s ,  

The f i r s t  s e r i e s  of computations assume a conventional quadrupole 
terminat ion,  i n  whieh the  r a t i o  of t he  dc t o  the  ac p o t e n t i a l s  is  every- 
where t h e  same, Three lengths  of f i e l d  ramp t e rmina t ions  are assumed: 
two, six,  and t en  c y c l e s  long, I n  the  second s e r i e s  the dc f i e l d  is 
assumed t o  decrease t o  z e r o  before t h e  a c ,  This i s  done i n  two d i f f e r e n t  
manners, but  i n  each case a l l  f i e l d s  go t o  ze ro  i n  an i n t e r v a l  of t e n  c y c l e s ,  
I n  the f i r s t  manner the dc f i e l d  decays during f i v e  cycles ,  and then the 
ac decays during the  following f i v e  c y c l e s ,  In  the second manner the dc 
i s  assumed t o  decay during two cycles ,  and the  ac f i e l d ,  during t h e  follow- 
ing  e i g h t  cyc le s ,  

Figures  1 t o  10 show the d e t a i l e d  t r a j e c t o r i e s ,  w i th  the  n e a r l y  s i n -  
u s o i d a l  response ind ica t ed  by s t r a i g h t  l i n e s  drawn between p o i n t s  of r eve r -  
sa l ,  The inf luence of the phase of the a c  p o t e n t i a l s  a t  the time the f i e l d  
t e rmina t ion  begins is  apparent,  bu t  is not  as dominant as a n t i c i p a t e d .  It 
i s  i n t e r e s t i n g  t o  no te  t h a t  the cond i t ions  a t  t h e  ex i t  end of t he  quadru- 
po le  a r e  s imilar  t o  those a t  the en t r ance ,  That is, f o r  t he  coincident  
ramp of t he  eonventional quadrupole, an appreciable  weakening of t h e  f i e l d s  
makes the  t r a j e c t o r y  uns t ab le  i n  the  y -d i r ec t ion ,  I n  t h e  x -d i r ec t ion  the  
s t a b i l i t y  i s  increased and the amplitudes of t he  t r a j e c t o r i e s ,  i n  general ,  
become l e s s ,  
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Figures  11 t o  15 are on a q u i t e  d i f f e r e n t  s c a l e ,  t o  show t h e  r e l a t i v e  
magnitudes of t he  e x i t  v e l o c i t i e s  of t he  ions  under the  d i f f e r e n t  f i e l d  
terminat ions,  I n  these  f i g u r e s  t h e  t r a j e c t o r i e s  of t he  ions a f t e r  they 
leave t h e  f r i n g e  f i e l d s  a r e  shown, 
the  ions is  assumed t o  be constant,  so  t h a t  t h e  z-distance inc reases  
l i n e a r l y  w i t h  time, 
a x i s  of t he  instrument,  

I n  each case the  ax ia l  v e l o c i t y  of 

Thus the  U t  axis is  completely analogous t o  t h e  z 

The normalized, dimensionless components of r a d i a l  v e l o c i t y  are 
t abu la t ed  i n  Table I, The v e l o c i t y  is i n  terms of ( r / ro) / (Wt) .  
data ,  and the  corresponding graphic d i s p l a y  of t h e  t r a j e c t o r i e s ,  i n d i c a t e  
q u i t e  c l e a r l y  the  important conclusions which can be drawn from t h i s  
i n v e s t i g a t i o n .  They a r e :  

These 

1, 

2, 

3 .  

4 .  

When t h e  f i e l d  terminat ion is  abrupt t he  ions leave the  
quadrupole wi th  r a d i a l  v e l o c i t i e s  which are 30% t o  40% as  
l a r g e  as those wi th  which they respond t o  the  f i e l d s  
w i t h i n  the quadrupole. 

I f  t he  terminat ion i s  gradual ,  ve ry  l a r g e  components of 
v e l o c i t y  are added t o  t h e  y-component of motion, 

The x-component of v e l o c i t y  i s  u s u a l l y  less than a t h i r d  
of t h e  normal r a d i a l  v e l o c i t y  w i t h i n  the  quadrupole under 
almost a l l  condi t ions of f i e l d  t e rmina t ions ,  

When t h e  dc f i e l d s  a re  a t t enua ted  ahead of t he  ac f i e l d s ,  
t he  x- and the y-components of v e l o c i t y  become q u i t e  
s m a l l ,  much l e s s  than t h e i r  normal v e l o c i t i e s  w i th in  the  
quadrupole 

For circumstances i n  which i t  is d e s i r e d  t o  apply any kind of ion 
o p t i c s  t o  d i r e c t  the ions  from t h e  quadrupole t o  a remote de t ec to r ,  t he  
u s e  of the delayed a c  ramp becomes of prime importance. 
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EXPERmNTAL 

General Discussion 

During the previous quarters ,  d a t a  have been obtained which re la te  
the S e n s i t i v i t y  of t h e  system t o  the  r e so lv ing  power f o r  t h e  two modes of 
operation, conventional and delayed dc ramp. It w a s  discovered t h a t  t he  
energy of the i n c i d e n t  ions is  a n  important parameter i n  t h i s  i nves t iga -  
t i o n ,  During t h e  p re sen t  qua r t e r  t h i s  i n v e s t i g a t i o n  h a s  been continued, 
using ion energy as one of t he  v a r i a b l e s ,  Data are now a v a i l a b l e  f o r  i on  
ene rg ie s  from 4 t o  15 v o l t s ,  i nc lus ive .  

The r e l a t i o n s h i p  between the  number of cyc le s  which occur during the  
passage of i ons  through t h e  f r i n g i n g  f i e l d  and the  maximum amplitude of 
t he  r e s u l t i n g  t r a j e c t o r y  was computed during t h e  last q u a r t e r ,  
found t h a t  t h e  amplitude inc reases  exponen t i a l ly  wi th  the  number of c y c l e s e  
The importance of minimizing t h e  number of cyc le s  spent  i n  the  f r i n g e  f i e l d  
of t h e  conventional quadrupole w a s  not  f u l l y  appreciated before  these  com- 
p u t a t i o n s  were made e 

It w a s  

TRe i n t i a l  experimental  d a t a  r e l a t i n g  s e n s i t i v i t y  t o  r e so lv ing  power 
f o r  t h e  two modes of operat ion were obtained under cond i t ions  which were 
less than i d e a l  f o r  p rope r ly  eva lua t ing  the  importance of u s ing  t h e  delayed 
mode, 
the entrance a p e r t u r e  w a s  large, h a l f  t he  rod diameter,,  This  geometry 
provided a l a r g e  leakage f i e l d  and increased t h e  number of cyc le s  r equ i r ed  
f o r  a m  i on  t o  traverse it. This circumstance f avor s  t h e  delayed ramp mode 
of operat ion,  On t h e  o the r  hand, a r a t h e r  high, 15 v o l t ,  i on  i n j e c t i o n  
energy w a s  used, This reduces the  number of c y c l e s  and f avor s  the  conven- 
t i o n a l  mode, as f a r  as the entrance cond i t ions  are concerned, For the  
experiments of las t  q u a r t e r  and t h i s  qua r t e r ,  t h e  ion  source has  been 
placed ad jacen t  t o  the  quadrupole, Under these  condi t ions,  t h e  advantages 
of t he  delayed dc ramp mode a r e  more apparent  a t  the lower ion i n j e c t i o n  
energ i e  s . 

F i r s t ,  t he  source w a s  mounted an inch away from the quadrupole and 

The f i e l d s  i n  the  quadrupole are e n t i r e l y  r a d i a l .  Thus the leiigt'n 
of the  quadrupole serves only t o  permit the i o n s  t o  remain i n  the r a d i a l  
f i e l d s  f o r  t k  l eng th  of t i m e  required t o  achieve the  des i r ed  mass resolu-  
t i o n .  The slower t h e  ions  move during t h e i r  t r a n s i t ,  t he  g r e a t e r  the 
number of c y c l e s  which occur during t h e i r  passage. However, t he  r e s u l t s  
of t h i s  study, both t h e o r e t i c a l  and experimental ,  show t h a t  t h e  t r ans -  
mission e f f i c i e n c y  f o r  t he  ions  s u f f e r s  tremendously i f  low v e l o c i t y  ions  
are introduced i n t o  t h e  conventional quadrupole. This  severe l i m i t a t i o n  
is  nonexis tent  f o r  t he  delayed mode of operat ion,  
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The number of cyc les  an ion needs t o  spend i n  the rad ia l  f i e l d s  f o r  
a given r e so lv ing  power was found by Paul t o  be 

f o r  r e so lv ing  power ca lcu la ted  nea r  the  base of the peak, 
n i s  a l s o  equal t o  the e x c i t a t i o n  frequency t i m e s  the  t r a n s i t  time, or 

Obviously, 

where L is the  quadrupole length, centimeters,  f t he  e x c i t a t i o n  frequency, 
megahertz, and v the  axial  v e l o c i t y ,  cent imeters  per  microsecond, A com- 
b i n a t i o n  of equat ions (1) and (2) y i e l d s  the  following expression f o r  the  
l i m i t i n g  r e so lv ing  power: 

(3)  2 2  m/dm = L f m/50 Vi 

where V i  is the  p o t e n t i a l  through which the  ions a r e  acce le ra t ed  before  
they e n t e r  the quadrupole, and m is the mass of the ion, i n  atomic mass 
u n i t s  

Experimental Data 

The above cons ide ra t ions  r e v e a l  the n e c e s s i t y  of making s e n s i t i v i t y -  
vs - reso lv ing  power measurements a t  va r ious  ion i n j e c t i o n  energ ies ,  This 
has  been done, The data of the f o u r t h  q u a r t e r  have been extended t o  in- 
clude ion ene rg ie s  of 8 and 11 volts. ,  Data are now a v a i l a b l e  f o r  ion 
i n j e c t i o n  ene rg ie s  of 4, 6, 8, 11, and 15 v o l t s .  These da ta  a r e  presented 
i n  Figures  16 and 17, 

The data which have been assembled r e l a t i n g  the  instrument s e n s i t i v i t y  
t o  r e so lv ing  power f o r  the  conventional and the delayed dc ramp mode of 
ope ra t ion  d rama t i ca l ly  r e v e a l  the importance of inc ident  ion energy, Before 
d i scuss ing  i n  d e t a i l  the d i f fe rences  between the  p l o t s  of Figures  16 and 
17 ,  it should be not iced t h a t  the e f f i c i e n c y  of the ion source is vo l t age  
dependent. '~'his is most r e a d i i y  recognized i n  the  d a t a  of Figure 1 7  f o r  
t h e  delayed dc ramp mode of operation. A t  low r e so lv ing  power the s e n s i -  
t i v i t y  has  only a weak dependence on the  r e so lv ing  power. I f  it i s  assumed 
t h a t  ions t r a v e r s e  the  f r inge  f i e l d s  without appreciable  loss i n  t h i s  case,  
then the  d i f f e r e n c e s  i n  s e n s i t i v i t y  a t  d i f f e r e n t  ion  i n j e c t i o n  energ ies  is  
a t t r i b u t a b l e  t o  varying source e f f i c i e n c i e s .  Over the range of. ion i n j e c -  
t i o n  ene rg ie s  used i n  these experiments, t h i s  source e f f i c i e n c y  v a r i a t i o n  
may be as la rge  as a f ac to r  of ten,  a s  suggested by the data of Figure 1 7 ,  
S imi l a r  data from Figure 16 for  the  conventional quadrupole show a 200- 
f o l d  a t t e n u a t i o n  of the s e n s i t i v i t y  as the  ion i n j e c t i o n  energy is lowered 

_- 



-6-  

from 15 t o  4 v o l t s ,  Thus t h e  a t t e n u a t i o n  is  a t  least  20 t imes as much f o r  
t he  conventional mode, 
loss of ions owing t o  t h e i r  passage through the  f r i n g e  f i e l d s  of t h e  con- 
v e n t i o n a l  quadrupole, 

Th i s  again i s  i n d i c a t i v e  of t he  s e v e r i t y  of the 

The d a t a  of Figure 16 f o r  the conventional quadrupole i n d i c a t e  the  
g r e a t  loss  of s e n s i t i v i t y  a s  the energy of t h e  inc iden t  i ons  is reduced, 
A s  mentioned before ,  t h i s  i s  due i n  p a r t  t o  a lowered source e f f i c i e n c y ,  
The g r e a t e r  p o r t i o n  of t he  loss i s  due t o  t h e  i o n s '  t raversal  of t he  f r i n g e  
f i e l d s ,  Note a l s o  the  approach t o  l i m i t i n g  r e so lv ing  power a t  t he  h ighe r  
ion ene rg ie s ,  This  occurs because t h e  ions spend i n s u f f i c i e n t  t i m e  i n  t h e  
quadrupole, 
high s e n s i t i v i t y  and high r e so lv ing  power is impossible t o  o b t a i n  wi th  the 
conventional quadrupole, A t  low ion i n j e c t i o n  energy the  l o s s  is due t o  
f r i n g e  f i e l d  e f f e c t s ,  and a t  high i n j e c t i o n  energy it  is  due t o  too  few 
cyc le s  being spent  during t h e  t r a n s i t  of t he  ion through the  quadrupole, 

These d a t a  s h w  r a t h e r  d rama t i ca l ly  how the  combination of 

The d a t a  of Figure 17 f o r  t h e  delayed dc ramp mode of ope ra t ion  show 
a q u i t e  d i f f e r e n t  dependence of s e n s i t i v i t y  on ion i n j e c t i o n  energy. 
pa r ing  f i r s t  t h e  l i m i t i n g  r e so lv ing  power a t  15 v o l t  i n j e c t i o n  energy, i t  

Com- 

i s  noted t h a t  
s l i g h t l y  t h a t  
t he  operat ing 

The r e so lv ing  
of cyc le s  the 
The e f f e c t i v e  

the  r e so lv ing  power of t he  conventional quadrupole exceeds 
of t h e  delayed dc ramp quadrupole, 
cond i t ions  i n  which equat ion (3) a p p l i e s .  

Here is an example of 

2 2  m/dm = L f m/50 Vi (3 )  

power a t  the  constant  s e n s i t i v i t y  is  l imi t ed  by the  number 
ions  spend i n  the mass r e so lv ing  p o r t i o n  of t he  quadrupole. 
mass r e s o l v i n g  length of the quadrupole i s  s h o r t e r  f o r  t h e  

delayed dc ramp mode because the rod segment is  not  a t  f u l l  dc p o t e n t i a l .  
'The segment length,  0-6  inches, is  6% of t h e  rod length.  Thus t h e  conven- 
t i o n a l  quadrupole would be expected t o  have a 12% h ighe r  l i m i t  t o  i t s  
r e so lv ing  power, as ind ica t ed  by equat ion ( 3 ) .  Experimentally, t he  ad- 
vantage is less than 12%. 

The s e n s i t i v i t y  a t  r e so lv ing  powers below 300 f o r  t h e  delayed dc 
ramp quadrupoie has  only a modest dependence on t h e  ion  i n j e c t i o n  energy, 
as shown i n  Figure 17. As mentioned e a r l i e r ,  t h i s  v a r i a t i o n  is  a t t r i b u t e d  
l a r g e l y  t o  ion source phenomena. A t  r e so lv ing  powers above 300 the  in- 
f luence of ion i n j e c t i o n  energy i s  of major importance, I n  p a r t i c u l a r ,  
t he  l i m i t i n g  r e s o l v i n g  power a t  reduced s e n s i t i v i t y  is v e r y  much a funct ion 
of t h e  i n j e c t i o n  energy, The r e so lv ing  power appears t o  be l imi t ed  by t h e  
t i m e  spent  by the ions i n  t h e  ana lyze r ,  

I n  t h e  quadrupole mass spectrometer, as i n  a l l  o the r  mass analyzers ,  
h ighe r  r e so lv ing  power is obtained a t  t he  expense of s e n s i t i v i t y o  It is  
i n t e r e s t i n g  t o  compare the operat ion of t he  quadrupole i n  the two modes 
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when the r e so lv ing  power has been pushed near i t s  u l t imate ,  and the s e n s i -  
t i v i t y  has  suf fered  severe ly ,  I n  Figure 18 the  r e so lv ing  power f o r  opera- 
t i o n  i n  the two modes is presented as func t ions  of the ion i n j e c t i o n  energy, 
a t  a constant  s e n s i t i v i t y  of 
most r e a d i l y  in te rpre ted .  Equation (3) shows t h a t  the r e so lv ing  power capa- 
b i l i t y  of t he  instrument v a r i e s  i n v e r s e l y  wi th  the  ion i n j e c t i o n  energy, 
Figure 18 shows the r e so lv ing  power t o  f a l l  continuously wi th  an increase  
i n  ion i n j e c t i o n  energy, but less f a s t  than the  inverse power suggested by 
equat ion ( 3 ) ,  This  lack  of agreement is due t o  the f a c t  t h a t  o ther  opera- 
t i n g  parameters a r e  func t ions  of the  i n j e c t i o n  energy, too,  Earlier, the  
source e f f i c i e n c y  was mentioned as one of these parameters,  
between r e so lv ing  power and ion  energy f o r  the  delayed mode as seen i n  
Figure 18 ag rees  q u a l i t a t i v e l y  wi th  the p r e d i c t i o n  of theory,  

amps/torr,  Data f o r  the  delayed mode a r e  

The r e l a t i o n  

Ion Source S tudies  

Quadrupole mass f i l t e r s  d i f f e r  d r a s t i c a l l y  from magnetic types i n  
t h e i r  source requirements.  
h igh  i n t e n s i t y ,  Quadrupole mass s e p a r a t o r s  have c i r c u l a r  entrance aper- 
t u r e s  and f o r  optimum operating cond i t ions  accept  ions from the e n t i r e  
a p e r t u r e ,  Previous experience and the  computer d a t a  of t h i s  s tudy show 
t h a t ,  f o r  the  conventional quadrupole, the  ions  should be introduced near  
the a x i s ,  Guided by experience, we had previous ly  designed an  ion source 
of n e a r l y  c i r c u l a r  symmetry, This is  a very  good source, and when used 
on a ten-inch quadrupole wi th  a secondary emission m u l t i p l i e r  permits  the  
d i s p l a y  of peaks a t  a p a r t i a l  p re s su re  of 2 x amperes, However, t he  
d a t a  of the  p re sen t  experiment i n d i c a t e  t h a t  the  s e n s i t i v i t y  of the source,  
amperes pe r  t o r r ,  i s  considerably lower than t h a t  claimed f o r  sources of 
o t h e r  designs,  However, it should be kept i n  mind t h a t  the  more s i g n i f i -  
can t  f igure-of-merit  is the signal-to-noise r a t i o ,  not amperes per  t o r r .  
The former f igu re  alone determines the  lowest molecular d e n s i t y  t o  which 
the  system is responsive.  

Magnetic mass separa tors  need l i n e  sources  of 

The geometry of the source i s  shown i n  Figure 19. The f i lament  
n e a r l y  surrounds the ion iz ing  region. The radial  flow of e l e c t r o n s  r e s u l t s  
i n  a maximum d e n s i t y  of the e l e c t r o n s  near  t he  axis of the  source, causing 
the  ion production r a t e  a l s o  to  be maximized near  the axis. "Noise" s i g n a l  
i n  a system wi th  a secondary emission m u l t i p l i e r  can be the r e s u l t  of pho- 
tons  s t r i k i n g  the  elements of the m u l t i p l i e r ,  Photons i n  an ion source 
o r i g i n a t e  a t  the e l e c t r o d e s  s t ruck  by the e l e c t r o n s  a t  the end of t h e i r  
pa th .  This source has been designed so  t h a t  t he re  i s  no l ine-of-s ight  
pa th  between the m u l t i p l i e r  and any sur face  t h a t  can be s t r u c k  by an 
e l e c t r o n ,  This cons ide ra t ion  has  been found t o  be of extreme importance 
i n  keeping the s ignal- to-noise  r a t i o  a t  a minimum va lue ,  
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The f i r s t  i n v e s t i g a t i o n  d i r e c t e d  toward the  improvement of t h i s  source 
concerned the  d i s t r i b u t i o n  of e l e c t r o n  c u r r e n t  among the  e l e c t r o d e s ,  The 
ion cu r ren t  output  of t h e  source was a l s o  obtained as a func t ion  of t he  
p o t e n t i a l  of the v a r i o u s  e l ec t rodes ,  The d a t a  obtained during t h e  varia- 
t i o n  of t h e  p o t e n t i a l  of e l ec t rode  seven is of p a r t i c u l a r  i n t e r e s t .  
d i s t r i b u t i o n  of t he  e l e c t r o n  cu r ren t  i s  shown i n  Figure 20, and the  co r re s -  
ponding ion  cu r ren t  i n  Figure 21. The e l e c t r o n  c u r r e n t  d i s t r i b u t i o n  is 
i n t e r e s t i n g ,  and r a t h e r  normal. However, t h e  sharp dependence of t he  ion  
cu r ren t  on the  p o t e n t i a l  of e l ec t rode  seven w a s  n o t  a n t i c i p a t e d ,  
p a r t i c u l a r ,  t h e  inc rease  i n  output a t  p o s i t i v e  p o t e n t i a l s  is  anomalous. 
It was deduced t h a t  t h i s  increased ion  c u r r e n t  r e s u l t s  from t h e  production 
of i ons  i n  the p o r t i o n s  of t h e  source remote from t h e  quadrupole, 
prove t h i s  conclusion, t h e  geometry of t he  source w a s  a l t e r e d  a s  shown i n  
Figure 22,  
t i v e l y  s h i e l d s  t h e  ion iz ing  region from the  p o t e n t i a l  of t h e  ad jacen t  por- 
t i o n s  of e l e c t r o d e  seven. This change made l i t t l e  d i f f e r e n c e  i n  t h e  
d i s t r i b u t i o n  of t h e  e l e c t r o n  currents ,  but  it made a b i g  d i f f e r e n c e  i n  
the  ion cu r ren t  output,  as seen i n  Figure 23,  This  refinement increased 
the  s e n s i t i v i t y  of t he  source by a f a c t o r  of two. 

The 

I n  

To 

A c y l i n d r i c a l  tube has  been added t o  e l e c t r o d e  s i x  which e f f e c -  

Through the a d d i t i o n  of an independent v a r i a t i o n  of t he  p o t e n t i a l  of 
e l e c t r o d e  s i x  (it had been connected t o  e l e c t r o d e  f i v e )  t h e  s e n s i t i v i t y  of 
t he  source is  increased by an a d d i t i o n a l  f a c t o r  of two, These two r e f i n e -  
ments increased the  s e n s i t i v i t y  by a f a c t o r  of fou r ,  There should be no 
concurrent i nc rease  i n  t h e  noise  s i g n a l  a t  t h e  output  of t h e  m u l t i p l i e r  
by these  changes, b u t  i t  has  not been measured, 

This i nc rease  i n  t h e  s e n s i t i v i t y  of t he  ion  source means t h a t  t h e  
previous d a t a  of amperes pe r  t o r r  can a l l  be increased by a f a c t o r  of 
f o u r ,  

New Apparatus 

The system f o r  comparing the  performance of round and hyperbol ic  
field-forming s u r f a c e s  has  been assembled. 
t r o l s  and the  manner i n  which the  quadrupoles were f a b r i c a t e d  were des- 
c r ibed  i n  las t  q u a r t e r ' s  r e p o r t ,  Further  d e s c r i p t i o n s  of t h e  e l e c t r o n i c  
p o r t i o n  w i l l  be given next quarter ,  a f t e r  t h e  apparatus  has  been used. 

The design g o a l s  f o r  t h e  con- 

A few photographs of t h e  quadrupole assemblies are included i n  t h i s  
r e p o r t .  Figure 24 shows the p a r t i a l l y  disassembled apparatus ,  The c i r -  
c u l a r  ion sources  are seen with t h e i r  e l e c t r i c a l  l eads ,  These l eads  
a t t a c h  t o  p i n s  which protrude from the  support  s t r u c t u r e ,  and which are 
v i s i b l e  a t  about t he  seven-o'clock p o s i t i o n ,  
p i n s  are connected t o  t h e  p ins  of t he  bakeable feed-through plugs,  The 

The inne r  ends of t hese  
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ends of t he  field-forming e l ec t rodes  (rods)  are v i s i b l e .  They appear as 
110' a r c s ,  and a r e  brought t o  t h e  f r o n t  of the support s t r u c t u r e .  
extension of the rods r e s u l t s  i n  s h o r t  f ield-ramps f o r  t h e  entrance 
region.  Po r t ions  of the Venetian b l i n d  secondary emission m u l t i p l i e r s  
are v i s i b l e ,  The p o t e n t i a l  d i v i d e r s  are contained w i t h i n  the  vacuum w a l l ,  
t hus  reducing the  number of feed-through connections r equ i r ed .  Su i t ab ly  
made e x t e r n a l  connections permit t h e  use of t he  e n t i r e  m u l t i p l i e r  assembly 
as a Faraday Cage c o l l e c t o r ,  A high impedance feed-through a t  the r e a r  
of t he  vacuum w a l l  conducts the ion cu r ren t  s i g n a l  d i r e c t l y  t o  e l ec t rome te r  
assembly which a t t a c h e s  d i r e c t l y  t o  the  quadrupole. 

Th i s  

Figure 25 i s  a photograph of t he  two sets of rods.  Note t h a t  llOo 
extensions are t o  be found a t  each end of each rod. The extension a t  the 
i s n  e x i t  end permits c lose  proximity of t h e  m u l t i p l i e r  t o  the quadrupole, 
and g ives  high ion c o l l e c t i o n  e f f i c i e n c y  when the  m u l t i p l i e r  assembly i s  
used as a Faraday Cage, Figure 26 i s  a close-up of t he  f r o n t  ends of 
rods of t he  two types.  The departure  of the hyperbol ic  su r face  from a 
c i r c l e  i s  most evident  i n  t h e  th i ckness  of t he  rod extension.  On the 
round rod, t he  th i ckness  of the extension i s  uniform. The ceramic spacer 
which se rves  both as a support member and as an e l e c t r i c a l  i n s u l a t o r  i s  
c l e a r l y  seen i n  each rod,  
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CONCLUSIONS 

A t h e o r e t i c a l  study of the ion  t r a j e c t o r i e s  a t  t he  e x i t  end of t h e  
quadrupole r e v e a l s  t he  d e s i r a b i l i t y  of making the  d i s t a n c e  from the end 
of t he  quadrupole t o  the Faraday Cage as s h o r t  as i s  convenient.  
a n t i c i p a t e d ,  the v e l o c i t y  vec to r s  of emerging ions  are q u i t e  randomly 
d i s t r i b u t e d  both i n  d i r e c t i o n  and i n  magnitude, Since t h i s  r e p r e s e n t s  
such a ''hot'' source of ions,  i t  i s  most d i f f i c u l t  t o  concentrate  them 
through the  use of ion o p t i c s ,  Uncomfortably high p o t e n t i a l s  would be 
required t o  overcome t h i s  handicap, 

A s  

The experimental  i n v e s t i g a t i o n  of t he  s e n s i t i v i t y  vs .  r e so lv ing  
power d a t a  have been extended t o  include wide v a r i a t i o n s  i n  the  energy 
of t he  i n j e c t e d  ions,  The f a c t o r s  which have dominant inf luence on t h e  
performance of the conventional quadrupole are much b e t t e r  understood as 
a r e s u l t  of t hese  s t u d i e s .  

Preliminary ion  source s t u d i e s  have improved t h e  s e n s i t i v i t y  by a 
f a c t o r  of four  without a n  apparent i nc rease  i n  the  no i se  a t  the c o l l e c t o r ,  

The system f o r  eva lua t ing  t h e  performance of a quadrupole with t h e  
usua l  round rods wi th  t h a t  of a quadrupole wi th  hyperbol ic  field-forming 
s u r f a c e s  has been completely assembled, and is  ready f o r  operat ion.  
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NEXT QUARTER'S ACTIVITIES 

During the next quarter data  w i l l  be obtained comparing the round 
and the hyperbolic quadrupoles, 
en t i re ly  assembled, and i s  ready for operation, 

The apparatus for t h i s  experiment i s  

Source investigations w i l l  be continued, using di f ferent  geometries, 



TABLE I. 

RADIAL COMPONENT OF VELOCITIES OF IONS AS THEY LEAVE THE QUADRUPOLE 

TERMINATION RAMP CONFIGURATIONS ESCAPE VELOCITY 
Phase Fields,  % Figures 100(x/ro) /ut 100(y/ro) /ut 

DC AC Legend 

0 t o  140 100 100 1, 2, 11 - 5.3 + 5.1 
140 + 4n 0 0 x1, Y1 

0 t o  140 + lr/2 100 100 1, 2, 11 - 7.8 * 3,3 
x2, Y2 - -  140 + 4 . 5 ~  0 0 

0 t o  140 + TC 100 100 1, 2, 11 - 7.6 9 3,9 
x3, Y3 - - _  140 + 5n 0 0 

0 t o  140 100 100 3 ,  4, 12 - 0.17 9 54 
140 + 1% 0 0 x4, Y4 

0 t o  140 + n/2 100 100 3 ,  4, 12 - 4,2 9 49 
x5, Y5 - -  140 + 12,5n 0 0 

0 t o  140 + n 100 100 3, 4, 12 - 5*5  -?- 50 
140 + 13n 0 0 X6, Y6 - - -  
0 t o  140 100 100 5, 6 ,  13 + 2.7 9540 
140 9 2% 0 0 x7, Y7 

0 t o  140 + n/2 100 100 5, 6, 13 - 1.1 4-510 
140 + 20,5n 0 0 X8, Y8 - -  
0 t o  140 + n 100 100 5, 6 ,  13 - 4.2 +5 13 
140 + 21n 0 0 x9, Y9 - - -  

f 0.22 o n  
L o Z  0 EO i40 iOG iGG 7, 8, 1; - 

140 + 1% 0 100 x10, Y10 
140 -t 2M 0 0 

0 t o  140 + n/2  100 100 7, 8, 14 - 3.5 - 0,18 
140 + 10,5lr 0 100 
140 + 2 0 . 5 ~  0 0 

x11, Y 1 1  - -  

0 t o  140 + n 100 100 7, 8, 14 - 2.9 - 0,17 

140 + 217~ 0 0 
140 + l l r c  0 100 - - -  x12, Y 1 2  



TERMINATION RAMP CONFIGURATIONS ESCAPE VELOCITY 
Phase F ie lds ,  % Figures  100(x/ro) / w t  100(y/ro) /u t  

DC AC Legend 

0 t o  140 100 100 9, 10, 15 - 2.2 - 2 .64  
140 + 4n 0 100 X13, Y13 
140 +- 2orC 0 0 

0 t o  140 + n/2 100 100 9, 10, 15 + 0,66 - 3 . 1 4  
140 +- 4,511 0 100 
140 9 20-5n 0 0 

X14, Y14 - -  

0 t o  140 + n 100 LOO 9, 10, 15 + 3 . 8  - 2.9 
140 + 5n 0 100 - - -  X15, Y15 
140 + 211r 0 0 

Approximate maximum v e l o c i t y  of i ons  i n  quadrupole 24 12 
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FIGURE 18. 

RESOLVING POWER AT CONSTANT S E N S I T I V I T Y  

I N J E C T I O N  ENERGY FOR CONVENTIONAL AND 
DELAYED DC RAMP QUADRUPOLES. 
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APPENDIX 

Abstract  of paper presented a t  the  meeting of 
t h e  American Vacuum Society i n  San Francisco, 

October, 1966 

IMPROVED QUADRUPOLE MASS FILTER 

Wilson M,  Brubaker 

Bell  & Howell Research Center 
Pasadena, C a l i f o r n i a  

The t ransmission of ions through a conventional quadrupole mass 
f i l t e r  i s  seve re ly  a t t enua ted  by the  impulses which t h e  ions r ece ive  
as they t r a v e r s e  the f r i n g i n g  f i e l d .  A computer s tudy has  been made 
t o  eva lua te  t h i s  phenomenon. Serious l o s s e s  a r e  ind ica t ed .  The 
computer was a l s o  used t o  explore the e f f e c t i v e n e s s  of a proposed 
scheme f o r  e l imina t ing  these  undesired r a d i a l l y  d i r e c t e d  impulses. 
The r e s u l t s  of the computer study were encouraging, and an experimental  
apparatus  was b u i l t  t o  evaluate  the  scheme i n  t h e  l abora to ry ,  Prelim- 
ina ry  r e s u l t s  i n d i c a t e  t h a t ,  a t  the higher  r e so lv ing  powers, t he  t r a n s -  
mission of ions through the  quadrupole i s  increased by f a c t o r s  of t e n  
t o  one hundred by t h e  use  of t h i s  refinement.  This  increased t r ans -  
mission i s  obtained without loss of r e so lv ing  power, 

Th i s  work w a s  supported i n  p a r t  by NASA under Contract No .  NASW-1298 


